Acute PTH administration enhances final urine acidification in the rat. HCl was infused during 3 h in rats to determine the parathyroid and renal responses to acute metabolic acidosis. Serum immunoreactive PTH (iPTH) concentration significantly increased and nephrogenous adenosine 3',5'-cyclic monophosphate tended to increase during HCO loading in intact and adrenalectomized (ADX) rats despite significant increments in plasma ionized calcium. Strong linear relationships existed between serum iPTH concentration and arterial bicarbonate or proton concentration (P < 0.0001). Serum iPTH concentration and NcAMP remained stable in intact time-control rats and decreased in CaCl2-infused, nonacidotic animals. Urinary acidification was markedly reduced in parathyroidectomized (PTX) as compared with intact rats during both basal and acidosis states; human PTH-(1-34) infusion in PTX rats restored in a dose-dependent manner the ability of the kidney to acidify the urine and excrete net acid. Acidosis-induced increase in urinary net acid excretion was observed in intact, PTX, and ADX, but not in ADX-thyroparathyroidectomized rats.
Introduction
Acute PTH administration was generally considered to increase urinary bicarbonate excretion secondary to inhibition of bicarbonate reabsorption in the proximal tubule. However, we have shown in rats (1) that the reported acute bicarbonaturic effect of PTH is secondary to an early transient increase in the GFR and thus bicarbonate-filtered load due to the vasodilatory properties of PTH. When this initial hemodynamic Parts of this work were presented at the 21st Annual Meeting of the American Society of Nephrology, San Antonio, TX, December 1988, and were published in abstract form (1989, Kidney Int. 35:389; and PTH effect has vanished, i.e., after -1 h in the rat under the conditions of our study (1) , the PTH-induced inhibition of bicarbonate and chloride in the proximal convoluted tubule is counterbalanced by an opposite effect in superficial Henle's loop so that the early distal delivery as-well as the excretion in final urine ofthese anions are unchanged during PTH infusion (1) . In fact, we (1) and Bank and Aynedjian (2) have found that PTH administration dramatically enhances urinary acidification. PTH infusion in thyroparathyroidectomized (TPTX)' rats was associated in the steady state with a decrease in urinary pH and an increase in urinary titratable acid,2 ammonium, and thus net acid excretion (1, 2) . We have established that proton secretion in collecting ducts is stimulated during PTH infusion indirectly via the PTH-induced increase in urinary phosphate concentration (1, 3) . In agreement with the acute PTH-induced stimulation of urine acidification just described, chronic PTH administration induces sustained metabolic alkalosis, at least in part of renal origin, in human (4), dog (5-7), and rat (8, and unpublished observations from our laboratory). Also, results of a recent study conducted. in our laboratory have demonstrated that chronic neutral phosphate administration in the rat, such as sodium and potassium salts, induces renal metabolic alkalosis secondary to sustained increased proton secretion in collecting ducts during up to 7 d (9) . Finally, we have shown (10) that hypercalcemia per se increases the proximal and thus renal reabsorption of bicarbonate relative to chloride, which, if of sufficient magnitude and/or duration, would induce hyperbicarbonatemia and hypochloremia; this calcium effect on the proximal tubule may explain the chronic metabolic alkalosis, at least in part of renal origin, associated with hypercalcemia secondary to hyperparathyroidism or 1,25-dihydroxycholecalciferol administration (6, 8) , or observed in patients with various neoplasms (1 1).
Thus PTH, urinary phosphate, and plasma calcium are major determinants of urinary acidification, a rise in each of these three factors being capable of enhancing net acid excretion. The aim of this study, therefore, was to determine whether acute acid loading acts on the circulating PTH concentration and whether PTH contributes to enhancement of net acid excretion during an acute metabolic acidosis. The results demonstrate for the first time in the rat that the serum immunoreactive PTH (iPTH) concentration rises during HCI loading, and that PTH contributes to the renal response against acute metabolic acidosis by enhancing urinary ammonium, phosphate, and titratable acid, and thus net acid excretion.
Methods
Animals 59 male Sprague-Dawley rats weighing 305±4 g (mean±SE) were studied. They had been fed a standard commercial chow (A 04; UAR, Villemoisson-sur-Orge, France) containing 5.9 g/kg phosphorus, 6 .0 g/kg calcium, and 2,020 IU/kg vitamin D3 for at least 7 d before the study. Food was withheld [14] [15] [16] h before the experiment, but all animals had free access to water before anesthetization with Inactin (5- ethyl-5-[ I-methyl-propyl]-2-thiobarbituric acid), 100 mg/kg body wt.
Each rat was studied initially during a 60-min control period while receiving for 4 h an infusion ofa 125-mM NaCl solution at 0.6 Ml/min per g body wt and then during a 3-h experimental procedure. The experimental procedure was either an infusion of HCO (50 mM HCl replacing 50 mM NaCl in the infused solution, 30 nmol H+/min per g body wt), an infusion of calcium chloride (7 nmol/min per g body wt), or a time control. Thus, a slightly hypotonic fluid volume expansion was induced early during the preparatory surgery and maintained throughout the experiment in each rat to minimize possible variations in the extracellular fluid volume and circulating antidiuretic hormone activity, since we have shown that the latter are important determinants oftubule fluid and urine acidification (12, 13) . Since the purpose ofthis study was to determine the place ofPTH during acute metabolic acidosis, intact, parathyroidectomized (PTX), TPTX, and adrenalectomized (ADX) rats were studied. ADX rats were also studied because endogenous aldosterone and glucocorticosteroid secretion may be stimulated during acid loading (14) (15) (16) (17) (18) and because corticosteroid hormones are known to affect various renal functions, including urinary acidification and renal handling of ammonium, phosphate, and thus titratable acid. Varying circulating corticosteroid activities during acid loading could therefore cloud effects that may be due to PTH, as will be shown below. In addition, various groups of animals were necessary to study the parathyroid response to acid loading on the one hand and the renal response on the other hand, because a volume of blood sufficient for all measurements could not be sampled in the same animal.
Serum iPTH and nephrogenous adenosine 3',5'-cyclic monophosphate measurements Group I: intact HCI-loaded rats. This group was composed of six rats that were studied twice: first during a 60-min control period after 3 h of equilibration after surgery, and second during 3 h of HCO loading. Serum iPTH concentration and nephrogenous adenosine 3',5'-cyclic monophosphate (NcAMP; excreted minus filtered cAMP) were determined in these rats.
Group II: ADX HCl-loaded rats. This group was composed of six rats that were studied as the rats ofgroup I, except that they were ADX 3-4 h before the first control period. Adequacy of adrenalectomy was insured by an acceptance of the animals for the study only if the GFR was at least 20% below the normal value, which indicated a low circulating level of glucocorticosteroid hormones.
Group III: CaCb-infused, nonacidotic rats. This group was composed ofthree intact rats that were studied during a first control period, and then during 3 h of CaC12 infusion at 7 nmol/min per g body wt.
Group IV: time-control rats. This group was composed of three intact and three ADX rats in which the 125 mM NaCl solution infusion was maintained for 3 h after the initial control period to assess the spontaneous evolution with time of serum iPTH concentration, NcAMP, and urinary phosphate excretion. IV the 125 mM NaCI solution infusion was maintained. These experimental procedures lasted 3 h. Each hour two or three timed urine collections were made under water-equilibrated paraffin oil and blood samples were obtained. An additional urine sample was collected during the last 10 min of each period for determination of urinary cAMP in some rats.
After the completion ofthe experiment, the left kidney was excised, blotted, and weighed.
Analytical procedures
Arterial and urinary pH and Pco2 were measured by a blood gas analyzer (model BMS3 MK2; Radiometer, Copenhagen, Denmark). Urine total CO2 (dissolved CO2 and HCO ) was determined by a carbon dioxide analyzer (model 965; Corning Glass Works, Corning, NY); the urinary bicarbonate concentration was calculated as the difference between the measured total CO2 and dissolved CO2 (0.031 X Pco2) concentrations. Ionized calcium concentration was determined in whole blood using a calcium ion-selective electrode (ICA 1; Radiometer 
Results
Effects ofacid-loading on iPTH and NcAMP (groups I-IV)
The results obtained in groups I-IV are summarized in Table I and in Figs. 1-3. As shown in Fig. 1 pg/ml (P < 0.005). In addition, the plasma magnesium concentration remained stable in these animals ( Fig. 1 ).
We determined NcAMP as an index ofthe biological activity of PTH on the kidney (21, 22) . As shown in Fig. 2 , NcAMP tended to increase, although not significantly, in intact and ADX HCl-loaded rats in which the serum iPTH concentration increased; conversely, NcAMP tended to decrease in CaCl2-infused, nonacidotic rats in which the serum iPTH concentration decreased. Thus, NcAMP was significantly higher in acidotic rats with high iPTH circulating activities than in CaCl2-infused rats with low iPTH circulating activities (P < 0.025).
Finally, as shown in Table I , these various parameters were stable in intact time-control rats. In ADX time-control rats, an expected moderate metabolic acidosis extended with time, which was indeed associated with serum iPTH concentrations that tended to be higher than those in time-control intact rats. Note that urinary phosphate absolute and fractional excretion progressively decreased with time in time-control intact rats. Thus it is clear that acute metabolic acidosis was associated with biologically active increments in serum iPTH concentration independently of the currently known main acute determinants (calcium and magnesium) of endogenous PTH secretion.
Renal response to acid loading
The renal response to HCO loading was studied in various groups of rats, which allowed recognizing effects that were due to PTH.
Studies in adrenal-intact rats (groups V-VII). The arterial blood composition in these rats is summarized in Table II . As expected, plasma ionized calcium and magnesium concentration was lower and that of inorganic phosphorus higher in PTX rats than in animals that were intact or PTX infused with hPTH-1-34) during both control and acidosis periods. It is important to note that during the control period the values of plasma ionized calcium concentration (Table II) and urinary phosphate fractional excretion (Fig. 4) produced by infusion in PTX rats of hPTH-( 1-34) at 5-6 (group VIa) and 7-9 pg/min per g body wt (group VIIb) were moderately lower and higher, respectively, than the values in intact rats; thus these two hPTH-( 1-34) infusion rates produced low-normal and moderately high biological PTH circulating activities. Since hPTH4 and rat PTH-1-84) do not have the same molar potency against the antiserum used in the present study (19) , it was impossible to directly compare their circulating concentrations.
During HCI loading, PTX rats developed a metabolic acidosis that was significantly more severe than that of intact or hPTH( 1-34)-infused PTX rats; the arterial pH was lower after 2-3 h of HCO infusion in PTX than in other rats (Table II) , and the decrease in the plasma bicarbonate concentration was higher in PTX rats (-9.2±0.4 mmol/liter) than in intact (-8 (-6.8±0.3 mmol/liter, P < 0.001) of hPTH-(1-34). This was due, at least in part, to the defect in urinary acidification and net acid excretion observed in PTX rats, which will be shown below. Two rats of the latter group, one PTX and one TPTX, died during the third hour of HCO infusion ofapparent sudden circulatory failure, probably due to severe acidosis. During the control period, the GFR was moderately higher in PTX than in intact rats (P < 0.05, Table III), probably because of hypocalcemia and absence of circulating PTH (1, 10) ; indeed, GFR values were lowered toward controls by hPTH-(1-34) infusion in PTX rats, apparently in a dose-dependent manner. Note that the GFR decreased during acid loading in all rats, and that during the second and third hours of acidosis there remained no difference in GFR between the various groups (Table III) . Also, the filtered load of bicarbonate tended to be higher in PTX than in other rats during the control period, but significantly only when compared with PTX infused with a high dose of hPTH-(1-34) (P < 0.01, C Time, h Table III) ; any difference in the bicarbonate-filtered load between the various groups rapidly disappeared during acid loading.
As compared with intact rats, a marked defect in urinary acidification and urinary excretion rates of phosphate, titratable acid, ammonium, and net acid was observed in PTX animals during both control and acidosis periods (Table III, Figs. 4 and 5). The urinary bicarbonate excretion rate was not significantly different in PTX and intact rats during the control period and first hour of HCO infusion, and then fell to very low values in both groups during the last two hours of acidosis (Table III) ; nevertheless, the urine pH (Table III) remained significantly higher in PTX than in intact rats (P < 0.01) throughout the experiments despite more severe acidosis and less urinary buffer content (see below) in the former animals; this obviously was secondary to a defect in collecting duct proton secretion in PTX rats. There was almost no phosphate in the urine of PTX rats (Fig. 4) , and the urinary excretion rate of titratable acid was low throughout the experiments in these animals (Fig. 5) . As shown in Fig. 5 , the urinary ammonium excretion rate was also lower in PTX than in intact rats during the control period (P < 0.02); during acidosis, this difference in ammonium excretion persisted but tended to diminish. As a result of these various defects, the urinary net acid excretion rate was lower during control period in PTX than in intact rats (P < 0.02, Fig. 5 ), and significantly remained so during acidosis.
The infusion of hPTH-(1-34) in PTX rats corrected the defects just described in a dose-dependent manner during both control and acidosis periods. This was true for the urine pH and urinary bicarbonate excretion rate (Table III) , as well as for the urinary excretion rates of phosphate (Fig. 4) , titratable acid, ammonium, and net acid (Fig. 5) Values are means±SE in six intact rats, six PTX rats, and eight PTX rats infused with hPTH-(1-34) at low (5-6 pg/min per g body wt, n = 3) and high (7-9 pg/min per g body wt, n = 5) doses. There remained only four PTX rats at the third hour of HCO loading. Pi, inorganic phosphorus. *P < 0.05 or less vs. control period in the same group. * P < 0.05 or less vs. intact rats at the same period. § P < 0.05 or less vs. PTX rats at the same period. "lP < 0.05 or less vs. PTX rats infused with low-dose hPTH4 at the same period.
.C HC1, h C ,HCI, fusion in intact rats (n = 6) (-), PTX rats (n = 6) (+), and PTX rats infused with low (5-6 pg/min per g body wt, n = 3) (n) and high (o) (7) (8) (9) pg/min per g body wt, n = 5) doses of hPTH-( 1-34 (Fig. 4) , whereas it greatly decreased in time-control, nonacidotic rats (Table I) ; due to the simultaneous decrease in the urine pH during acidosis, the urinary titratable acid excretion rate increased progressively and significantly at the third hour of acidosis in intact rats (P < 0.02 vs. control period) and was maintained in hPTH-(1-34)-infused PTX rats (Fig. 5) ; in PTX rats, the urinary excretion rates of phosphate and titratable acid remained very low during acidosis. The urinary excretion rates of ammonium and net acid similarly increased in intact, hPTH-(1-34)-infused PTX, as well as in PTX rats, although different absolute levels due to different circulating PTH biological activities were evident (Fig. 5) . As already mentioned, the presence ofan intact endogenous corticosteroid secretion that may be stimulated during acidosis in the rat (14, 17) could have clouded possible differences in the renal response to acidosis due to PTH, particularly as various degrees of acidosis were attained in these four groups of rats as described above. Studies in ADX rats (groups VIII-X). As already pointed out in Methods, this experimental series that included ADX rats was designed to assess the role of PTH during acute metabolic acidosis in the absence of varying corticosteroid circulating activities.
The arterial blood composition in these rats is summarized in Table IV . It must be pointed out that only two of the six ADX-TPTX rats that composed group X have been studied during an entire 3-h period of acidosis because four rats died during the third hour of HCl infusion of apparent sudden circulatory failure, probably due to severe acidosis and/or hyperkalemia. A seventh ADX-TPTX rat that was not included in the group even died during the second hour of HC1 infusion of profound metabolic acidosis. As will be shown below, this was due at least in part to the absence of a significant increase in the urinary net acid excretion rate during HCl loading in ADX-TPTX rats. Also, one PTX and one TPTX rat of group II died during the third hour of HCl infusion, as already mentioned, which suggests that extrarenal factors may also have contributed to the poor endurance to acid loading of PTX animals. A high rate of mortality had previously been observed by others during acute acid loading in nephrectomized TPTX animals (23, 24) .
During both control and acidosis periods, the GFR was significantly lower in ADX and ADX-TPTX than in intact rats (Table V) , presumably because of low circulating levels of glucocorticosteroids in the former animals. However, high urinary sodium chloride excretion rates were observed in all rats, which was probably due to the fluid volume expansion and attendant suppression of endogenous aldosterone secretion in adrenal-intact rats secondary to our experimental protol, as mentioned in Methods, which minimized possible differences in body fluid volumes between ADX and adrenal-intact animals. In keeping with the above, there was no significant difference between the various groups of this study in the hematocrit and plasma protein concentration (Tables II and IV) . At any rate, ADX and ADX-TPTX rats can be readily compared and did not differ during the control period with respect to GFR and urinary excretion rates of water, sodium, chloride, and potassium.
As shown in Table V , the urinary bicarbonate excretion rate significantly decreased in all groups during HCl infusion; the urinary pH also tended to decrease in all groups, but only significantly at the third hour of HCl loading in intact rats.
Also, note that the urinary pH tended to be higher in ADX-TPTX than in ADX rats throughout the study despite a more severe metabolic acidosis in the former animals, probably due to the defect in collecting duct proton secretion in PTX animals described above. The other components of the renal response to HCl loading markedly differed between intact and ADX rats on the one hand, and ADX-TPTX rats on the other hand, whereas acute metabolic acidosis was associated with a decrease in GFR of similar magnitude (20-25%) in all animals ( Table V) . As shown in Fig. 6 , the urinary fractional excretion rate of phosphate increased during HC1 loading in intact and ADX rats, particularly in ADX rats in which it was low during the control period. As a result, the absolute excretion rates of phosphate ( Fig. 6 ) and titratable acid (Fig. 7) were maintained in intact and increased in ADX rats despite the fall in GFR and phosphate-filtered load during HC1 loading. Note that, conversely, in time-control animals the absolute and fractional urinary excretion of phosphate progressively decreased with time in intact rats or did not vary significantly in ADX rats in the absence of HCl infusion (Table I) . Also, as shown in Fig. 7 , significant increases in the urinary excretion rates of ammonium and net acid rapidly occurred in intact and ADX rats. Particularly, it is worth pointing out that the urinary ammonium excretion rate significantly increased in ADX rats very rapidly during the first hour of HC1 infusion (P < 0.01; Fig. 7 ). Net acid excretion increased 43% in intact and 56% in ADX rats after 3 h of acid loading (P < 0.001 for each). On the other hand, in ADX-TPTX rats urinary excretion of phosphate, titratable acid, and ammonium did not rise during HCI infusion. Thus net acid excretion did not increase significantly in two ADX-TPTX rats after 3 h or in six ADX-TPTX rats after 1 and 2 h of HCI loading, i.e., at times when it was significantly enhanced in intact or ADX rats. Thus the renal response to acute metabolic acidosis was greatly blunted in ADX-TPTX rats as compared with intact, PTX, and ADX animals.
Discussion
The findings in the present study demonstrate in rats for the first time that an acute HCl-induced metabolic acidosis results in a rapid and progressive increase in the circulating iPTH activity, and that PTH contributes to the renal response against acute metabolic acidosis by enhancing urinary phosphate, titratable acid, ammonium, and thus net acid excretion. The acidosis-induced increase in the circulating iPTH activity occurred in both intact and ADX rats, and was observed de-C HCI, h C HCI h i i 2, 31 2 --,-l- Figure 6 . Urinary fractional (FE.) and absolute (UV) excretion of inorganic phosphorus (Pi) during control period (C) and 3-h HC1 infusion in intact (n = 6) (-), ADX (n = 6) (o), and ADX-TPTX (n = 6) rats (+). Note that there remained only two ADX-TPTX rats during the third hour of HCO infusion. Points are means±SE. §, P < 0.02 or less compared with control period.
spite an increase in the plasma ionized calcium concentration and no change in the plasma magnesium concentration. Thus a possible stimulation of endogenous PTH secretion was due to factors other than plasma calcium, magnesium, and adrenal hormones. Also, the rapid time-course of PTH stimulation ruled out a change in 1,25-dihydroxyvitamin D as a possible mediator ofthe acidosis effect. Strong linear relationships were observed between circulating iPTH levels and plasma bicarbonate or hydrogen ion concentration.
Normally the kidneys respond to acute and chronic acid loading by reducing the urinarygpH and bicarbonate excretion rate, at least temporarily, and by enhancing the urinary excretion rates of phosphate and titratable acid and particularly of ammonium so that net acid excretion is augmented until the entire acid load is excreted out ofthe body. The factors that are responsible for the renal adaptation to metabolic acidosis are at present incompletely settled. In recent reviews (25) (26) (27) it is generally accepted that acidosis itself exerts major effects on proximal and distal parts of the nephron to increase proton secretion and bicarbonate absorption, ammonia production and excretion, and phosphate and titratable acid excretion. However, the control of this important kidney function by hormonal factors must be considered. A role for corticosteroid hormones in the renal regulation ofacid-base balance has been proposed in previous studies, in which acute and chronic acid loading were shown to increase the plasma aldosterone concentration in humans, rats, and dogs (15) (16) (17) (18) and the plasma glucocorticosteroid concentration in dogs and rats ( 14, 16) but not in humans (15, 18) . Although aldosterone is known to stimulate proton secretion in collecting ducts (reviewed in reference 28) , to what extent the acidosis-induced increment in the circulating aldosterone level contributes to the renal response against acidosis remains to be established. The presence of circulating glucocorticosteroids has been shown to be necessary for a normal adaptive increase in renal ammonia and phosphate excretion in response to acute and chronic metabolic acidosis in the rat (17, (29) (30) (31) (32) . Results in the present study also support the hypothesis of a role for adrenal hormones in the renal response to acute metabolic acidosis inasmuch as absolute values of urinary excretion rates of phosphate, ammonium, and thus net acid were lower in ADX than in intact rats during both control and acidosis periods. Nevertheless, net acid excretion did increase 56% after 3-h HCI loading in ADX animals, as compared with an increase of43% in intact rats in the same experimental series (Fig. 7) . This observation is in agreement with results obtained in previous studies (17, 29) in which urinary net acid excretion increased in chronically ADX rats, although at rates that were lower than those in intact rats, during the first few hours after ammonium chloride loading. A role for PTH in this adaptive renal response to acute metabolic acidosis in intact and ADX animals is demonstrated in the present work.
In this study acute HCl-induced metabolic acidosis in intact and ADX rats resulted in significant increases in iPTH activities that occurred despite significant increases in the plasma ionized calcium concentration. Serum iPTH was measured using an antiserum directed against the NH2-terminal bioactive region of PTH. We found that the basal serum iPTH concentration was 20-25 pg/ml in rats under our experimental conditions, which is in good agreement with values of 10-15 pg/ml obtained by others in the rat with the same radioimmu- Values are means±SE in six intact rats, six ADX rats, and six ADX-TPTX rats, except at the third hour of HO loading, at which there remained only two ADX-TPTX rats. Pi, inorganic phosphorus. *P < 0.05 or less vs. control period in the same group. * P < 0.05 or less vs. intact rats at the same period. § P < 0.05 or less vs. ADX rats at the same period.
noassay (19) . Also, values ranging from 1.0 to 15.5 pg/ml for circulating PTH concentration were found in normal humans using a sensitive cytochemical bioassay (33). Thus the normal circulating PTH level in humans and rats is in the 10-12_10-11 M range. In addition, significant decreases in serum iPTH concentration after calcium infusion were detected in the pres- phosphate (and thus titratable acid) fractional excretion, and in urinary ammonium and net acid excretion occurred in ADX but not in ADX-TPTX rats after 3 h of acid loading (Figs. 6 and 7). These observations strongly suggest that the acidosis-induced increase in the circulating PTH activity acted on the kidney to increase urinary net acid excretion.
An increase in circulating PTH concentration is expected to enhance urinary phosphate excretion due to inhibition of phosphate absorption by the proximal tubule. Indeed, urinary phosphate excretion was almost zero in PTX rats and was restored in a dose-dependent manner by hPTH-(1-34) infusion in these animals during both basal and acidosis states. In addition, an acidosis-induced increase in urinary phosphate fractional excretion was observed in intact and ADX, but not in PTX and ADX-TPTX rats. It is important to emphasize that an increased delivery of phosphate to distal parts of the nephron serves not only to enhance per se titratable acid excretion, but also to strongly stimulate the rate of proton secretion in collecting ducts, as has been previously demonstrated in our laboratory (1, 3) . The latter event acts to decrease the urinary pH despite an increase in the urinary buffer content, which enhances titratable acid excretion all the more and favors ammonium excretion. It must be pointed out that the urinary pH was significantly higher in PTX than in intact or hPTH-(1-34)-infused PTX rats (Table III) and tended to be higher in ADX-TPTX than in ADX rats in the present study (Table V) despite a more profound degree of acidosis and a lesser urinary buffer content in the former animals. This must have resulted from a defect in collecting duct proton secretion in PTX and ADX-TPTX rats. Based on our previous observations (1, 3, 9) , we believe that PTX rats have a rate defect in collecting duct proton secretion because of the near complete absence of phosphate within the distal tubular fluid in these animals; note, however, that the localization and the cellular mechanism of the effect of luminal phosphate on proton secretion at collecting duct sites need to be established by further direct evaluation. Thus the metabolic acidosis-induced phosphaturia results, at least in part, from augmented PTH activity. In agreement with our results, an acute metabolic acidosis of 3-h duration in TPTX rats was found to be associated with no decrease in the sodium-dependent phosphate uptake by renal brush-border membrane vesicles (34) . Also, acute metabolic acidosis after a 90-min infusion of either HC1 or ammonium chloride in acutely TPTX rats did not modify urinary phosphate excretion or phosphate absorption by the proximal convoluted tubule microperfused in vivo (35) . However, in another study in chronically PTX rats, a 3-h infusion of ammonium chloride resulted in a significant increase in the urinary phosphate fractional excretion, which was attributed to acidemia-related undefined factors other than PTH (36) .
A PTH-induced increase in the proximal ammonia production may seem less expected, but is possible for the following reasons. We have previously observed that PTH administration in TPTX rats enhances urinary ammonium excretion in every animal (1) . In the present work, the urinary ammonium excretion rate was significantly reduced in PTX rats and restored in a dose-dependent manner by hPTH-(1-34) infusion in these animals (Fig. 5) , which could hardly be explained only by differences in the urinary pH (see Table III ). Also, an acidosis-induced significant increase in urinary ammonium excretion occurred in ADX rats as rapidly as during the first hour of HCl infusion, but not in ADX-TPTX animals despite similar decreases in the urinary pH. Among the known proximal cellular responses to PTH is the stimulation of gluconeogenesis, which may be metabolically associated with stimulation of ammoniagenesis (37) ; in fact, PTH has recently been shown to stimulate the cellular ammonia production in suspensions of canine proximal tubular fragments (38) . Thus we suggest that PTH also acts to increase renal ammonia production and excretion in response to metabolic acidosis. The latter contention is also supported by the fact that Good and Burg (39) have observed that renal ammonia production, which occurs in all portions of the nephron, increases after metabolic acidosis only in the SI and S2 proximal segments, i.e., in PTH target sites. It is worth pointing out that acute metabolic acidosis per se exerted little net homeostatical renal effects in the absence of parathyroid and adrenal glands in this study. The urinary pH and bicarbonate excretion rate did decrease during acidosis in ADX-TPTX rats, but this was of little importance in enhancing net acid excretion in the absence of hormonemediated phosphate and ammonium renal response. Nevertheless, it must be recognized that further work is needed to directly demonstrate whether PTH actually increases the secretion of ammonia within the proximal tubular fluid.
In.addition to exerting renal effects, PTH may also contribute to the defense against metabolic acidosis by exerting extrarenal actions. A high rate of mortality after acid loading was observed in PTX animals in this and previous (23, 24) studies. Wachman and Bernstein (40) have reported in normal humans that chronic ammonium chloride loading was associated with negative calcium balance, together with a rise in urinary hydroxyproline levels, phosphate renal clearance, and excretion rate; also, plasma iPTH levels were elevated in two of four cases during metabolic acidosis (40). These observations led the authors (40) to hypothesize that increased PTH activity during metabolic acidosis may increase bone resorption to provide additional amount of buffer base in the extracellular medium and may increase renal phosphate clearance to augment urinary buffering capacity and acid excretion. A similar hypothesis has also been expressed by Wills (41) . Consistent Metabolic Acidosis and Parathyroid Hormdne 441 with the latter hypothesis, several studies (23, 24, 42) , although not all (43) , have shown that PTH is necessary for the optimal body buffering of acute acid loads in nephrectomized rats and dogs, probably by increasing bone buffering. Also, in some experimental models of chronic PTH administration in dogs, an extrarenal alkali input into the extracellular fluid compartment, probably from bone, was shown to contribute to the PTH-induced metabolic alkalosis (6, 7).
Thus circulating PTH activity is enhanced by an acute acid load and PTH in turn acts on kidney as described above, and possibly on bone, to contribute to the defense against metabolic acidosis, which may constitute a homeostatic response of the parathyroid glands to acute metabolic acidosis. Elevated circulating iPTH activities during acute metabolic acidosis had previously been observed in only one study in humans (45) . Whether chronic metabolic acidosis is associated with sustained increased PTH activity is uncertain because either elevated (40, 45) or unchanged (40, 44, 46) serum iPTH concentrations were reported during chronic metabolic acidosis in humans. As already discussed above, we therefore suggest that both PTH, at least during acute metabolic acidosis, and adrenal hormones, perhaps particularly in a chronic setting, mediate at least in part the renal responses against metabolic acidosis and thus appear to coordinately regulate the various components of urine acidification in proximal and distal parts ofthe nephron, which leads to the concept of a pluri-hormonal control of acid-base balance (47) . It is worth noting that PTH was recently shown to stimulate corticosteroid secretion by adrenal glomerulosa cells in vitro (48, 49) . The mechanism by which acute metabolic acidosis may stimulate endogenous PTH secretion is unknown. In a previous study on dispersed bovine parathyroid cells, lowering the pH of the ambient medium decreased the release of PTH that was previously maximally stimulated by a low extracellular calcium concentration, but possible effects of extracellular pH or bicarbonate concentration on basal PTH secretion were not tested (50) . More recently, PTH secretion by parathyroid cells in vitro has been shown to be modulated by cAMP-and protein kinase C-mediated cell activation by various secretagogues (reviewed in reference 51).
